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Project Summary

Evaluating the Relation Between
Ozone, NO, and Hydrocarbons:
The Method of Photochemical

Indicators

Sanford Sillman

The method of photochemical indi-
cators is a way to evaluate the sensi-
tivity of O , to its two main precursors,
nitrogen oxides (NO ) and reactive or-
ganic gases (ROG), directly from ambi-
ent measurements. The method is
based on identifying measureable spe-
cies or species ratios that are closely
associated with O -NO,-ROG predic-
tions in photochemical models. Sev-
eral species of this type have been
identified: O 3/NOy (where NO, is total
reactive nitrogen), O /NO, (where
NO,=NO -NO, O,/HNO, H,0,/HNO,,
H,0,/NO,, and HZOZINOV’ In each case,
high values of the proposed indicator
are associated with NO  -sensitive chem-
istry in models and low values are as-
sociated with ROG-sensitive chemistry.
This report presents a summary of O -
NO,-ROG sensitivity in models and the
chemistry that motivate the choice of
species as photochemical indicators. It
shows the correlation between model
NO,-ROG predictions and indicator val-
ues for a variety of models, including
simulations for Lake Michigan, the
northeast corridor, Atlanta and Los An-
geles. The indicator NO -ROG correla-
tion remains consistent in model sce-
narios with radically different assump-
tions about anthropogenic and biogenic
emission rates and meteorology and in
models with different chemical mecha-
nisms. The report shows correlations
between O, NO, and H,O, in models
and in ambient measurements, which
provide a basis for evaluating the ac-
curacy of critical assumptions associ-
ated with the indicator method. Case

studies are described for Atlanta and
Los Angeles in which measured values
of indicator ratios were used as a ba-
sis for evaluating model scenarios. It
is shown in which model scenarios with
different NO -ROG predictions often
give similar values for peak O , but dif-
ferent values for indicator ratios. The
case studies illustrate how compari-
sons between model results and mea-
sured indicator values can be used as
a basis for model evaluation. Uncer-
tainties associated with the indicator
method (including measurement uncer-
tainties, dry deposition and surface ef-
fects) are discussed.

This Project Summary was developed
by EPA’s National Exposure Research
Laboratory, Research Triangle Park, NC,
to announce key findings of the re-
search project that is fully documented
in a separate report of the same title
(see Project Report ordering informa-
tion at back).

Introduction

For many years there has been uncertainty
about the relation between low-level ozone
and its two major anthropogenic precursors:
reactive organic gases (ROG) and nitrogen
oxides (NO)). It is generally known that for
some conditions ozone concentrations in-
crease with increasing NO, emissions and
are largely independent of ROG, while for
other conditions ozone increases with ROG
and does not increase (or may even de-
crease) with NO,. However, it is difficult to
determine whether individual air pollution
events are dominated by NO -sensitive or
ROG-sensitive chemistry.



The uncertain relationship between
ozone, ROG and NO,_ has made it espe-
cially difficult to develop effective control
policies for ozone. Because of the com-
plex relationship between ozone and its
precursors, there is far greater uncertainty
about the effectiveness of control strate-
gies for ozone than for other pollutants
associated with air quality violations. A
control strategy that relies on reductions
in emissions of ROG will not be effective
in a region where ozone concentrations
are driven by NO, -sensitive chemistry.
Similarly, a control strategy that relies on
NO, reductions will not be effective during
air pollution events with ROG-sensitive
chemistry.

The task of analyzing the ozone-NO,-
ROG relationship is commonly based on
predictions from photochemical models.
These models use estimates for emission
rates of ozone precursors in combination
with meteorological information (wind
speeds, vertical diffusion, temperatures,
etc.) and a representation of ozone chem-
istry in order to simulate the ozone forma-
tion process for a specific air pollution
event. Predictions for the effectiveness of
ROG vs. NO, controls are derived by re-
peating the simulations with reduced emis-
sion rates for ROG or NO,. The accuracy
of these control strategy predictions has
frequently been called into question, largely
because of uncertainties associated with
emission inventories. These uncertainties
have a large impact on model predictions
of the effectiveness of ROG vs. NO, con-
trols. It is possible to generate model sce-
narios with either NO - and ROG-sensi-
tive chemistry while remaining within the
bounds of uncertainty associated with
emissions and other model inputs.

A more fundamental problem with the
model-based approach for O_-NO -ROG
sensitivity is the difficulty in evaluating
model predictions against real-world mea-
surements. There is no direct way to evalu-
ate a control strategy prediction, because
it is never possible to repeat an air pollu-
tion event with reduced ROG or NO, emis-
sions and compare its outcome with model
results. Model evaluations can only be
done by comparing predictions from the
model base case with ambient measure-
ments. The problem with most model
evaluations is that the accuracy of model
predictions for the base case does not
guarantee that model predictions for con-
trol strategies are also accurate. In par-
ticular, the most common test of model
performance — comparison with ambient
ozone — gives no basis for confidence in
model predictions for control strategies.
This is because different model scenarios
often give similar values for ozone in the

base case, while giving very different pre-
dictions for the response of ozone to re-
ductions in ROG or NO..

This report presents a new approach to
the problem of evaluating O,-NO -ROG
sensitivity: the method of photochemical
indicators. The goal of the method is to
identify measureable species or species
ratios that are closely linked to model con-
trol strategy predictions, so that NO -sen-
sitive or ROG-sensitive chemistry can be
associated with specific values of these
species ratios. If successful, the method
of photochemical indicators would provide
a way to evaluate NO,-ROG sensitivity
based solely on ambient measurements,
without using models. A more modest ap-
plication of the method would be to evalu-
ate the performance of model scenarios.
The nature of the indicator ratios associ-
ated with this method is that they will
always assume different values in models
with NO -sensitive chemistry as opposed
to models with ROG-sensitive chemistry.
Thus, the indicator ratios (unlike ozone)
provide a basis for choosing between NOx
sensitive and ROG-sensitive model sce-
narios.

The method of photochemical indica-
tors is part of a broader attempt to de-
velop observation-based methods (OBMs)
that seek to analyze O,-NO -ROG chem-
istry based on extensive field measure-
ments rather than model predictions.

The method of photochemical indica-
tors was developed based on a series of
photochemical model applications de-
signed to represent a wide range of physi-
cal conditions and situations. These have
included simulations for four metropolitan
regions: the Lake Michigan airshed, the
New York—Boston urban corridor, Atlanta,
and Los Angeles. They have included
simulations with anthropogenic ROG emis-
sions doubled from inventory estimates.
They have included scenarios with an-
thropogenic ROG emissions reduced by
half from inventory estimates, reflecting
conditions that may occur in Europe today
or in the U.S. following the application of
an effective ROG control program. They
have included scenarios with biogenic
ROG emissions based on the current
BEIS2 inventory and also on the older
BEIS1 inventory with much lower emis-
sion rates and scenarios with zero bio-
genic emissions. They have included simu-
lations with changed wind speeds and ver-
tical mixing rates in order to represent
conditions that might be either more or
less stagnant than the events used as
test cases. They have included results
from two very different model types: a
regional-scale model developed by Sillman
et al. at the University of Michigan and the

Urban Airshed Model (UAM-IV), familiar
to air pollution researchers. These two
models include different representations
of photochemistry: a mechanism based
on Lurmann et al. (similar to the more
familiar SAPRC mechanism) with various
updates and isoprene chemistry based on
work by Paulson and Seinfeld in the Michi-
gan model; and the Carbon Bond IV
mechanism in UAM-IV.

Species and species ratios that can be
used as indicators for NO -ROG sensitiv-
ity were sought based on an analysis of
model results. In order to be useful as a
photochemical indicator a species or spe-
cies ratio must satisfy the following four
criteria:

(i) The indicator must

measureable species.

(i) The indicator must consistently
show different values in model sce-
narios with NO -sensitive chemistry
as opposed to model scenarios with
ROG-sensitive chemistry. The dif-
ference between NO -sensitive and
ROG-sensitive indicator values
must also be large enough so that
the NO, -ROG indication is less likely
to be obscured by uncertainties in
measurement techniques.

involve

(i) The correlation between indicator
values and NO_-ROG sensitivity
must remain reasonably constant
in models with widely different as-
sumptions. The purpose of the
method would be undermined if the
indicator correlation were limited to
models with a fixed range of as-
sumptions, e.g. about biogenic
ROG.

(iv) The indicator should be closely
linked with the chemical factors that
govern NO -ROG sensitivity. It
should not just represent an em-
pirical curve-fitting exercise or be
an artifact of an individual model.

Two classes of species have been iden-
tified that appear to meet these criteria.
These species are as follows.

Ratios involving ozone and total reac-
tive nitrogen: (03/NOy), where NO, repre-
sents total reactive nitrogen (NO_ PAN,
HNO,, alkyl nitrates and other nitrogen-
containing species produced from NO,;
(O,NO,), where NO, represents NO, re-
action products, NO,-NO,; and (O3/HNO3).

Ratios involving hydrogen peroxide and
total reactive nitrogen: (H,0,/HNO,), (H,O,/
NO,), and (H,0,/NO).

In each case, a high value for the indi-
cator ratio corresponds to a situation in



which the ozone concentration is primarily
sensitive to NO,, while a low value corre-
sponds to a situation in which O, is prima-
rily sensitive to ROG. This interpretation
applies only for indicator values during
the afternoon (concurrent with peak O,)
and only for NO -ROG sensitivity at the
same location as the indicator value.

Among these alternatives, the ratios in-
volving hydrogen peroxide, especially
(H,0,/HNO,), provide more consistent re-
sults in photochemical models and are
more closely linked to the photochemical
processes that drive NO -ROG chemistry,
but these are also more difficult to mea-
sure. Among the ratios involving ozone,
(O,/NO,) has a stronger link with NO, -
ROG chemistry than (03/N0y), but the lat-
ter has certain advantages associated with
situations involving power plants.

An important component of the indica-
tor method concerns the need to evaluate
the accuracy of the indicator predictions.
The correlation between NO -ROG sensi-
tivity and the indicator ratios is based en-
tirely on the results of photochemical mod-
els. As such, the indicator method faces
the same type of challenge as the con-
ventional photochemical models: how can
the predicted NO,-ROG sensitivity be
proven?

Model results have suggested an im-
portant test for the validity of the method.
The chemistry associated with NO -ROG
sensitivity and the indicator ratios also sug-
gests that a linear correlation should be
found between O, and the sum:
NO_+2H,0,, evaluated during the after-
noon following a period of photochemical
activity. This linear correlation is predicted
in three-dimensional models that include
both chemistry and transport, and is pre-
sented. The correlation is closely associ-
ated with the role of O,, NO, and H,O, as
indicators for NO -ROG sensitivity. It is
well-known that O, increases with NO, but
that the rate of increase (dO./dNO,) de-
creases at higher NO, and is lower in
some urban areas (e.g. Los Angeles) rela-
tive to rural sites. The indicator method
provides an additional interpretation: high
O,/NO, ratios in rural areas represent NO -
sensitive chemistry while low O,/NO, ra-
tios in central Los Angeles represent ROG-
sensitive chemistry. If this interpretation is
valid, then the correlation between O, and
the sum NO,+2H,0, will remain linear, even
while the O,-NO, slope varies. Thus, an
examination of measured O,, NO, and H,O,
provides both a general evaluation of the
indicator method and a test for problems
(e.g. measurement errors or erroneous
model assumptions) in each individual ap-
plication of the method.

In summary, the indicator method pro-
vides several advantages over conven-
tional methods of analysis of O,-NO, -ROG
sensitivity. Unlike conventional photo-
chemical models, the indicator predictions
are not sensitive to assumptions about
emission rates for anthropogenic or bio-
genic ROG. When used in combination
with photochemical models the indicator
method provides a meaningful evaluation
of the accuracy of model NO - ROG pre-
dictions. Finally, the indicator method in-
cludes a diagnostic test for its own accu-
racy, based on the predicted linear corre-
lation between O,, NO, and H,O,. The
indicator method can be applied based on
measurements for just three species, O3,
NO, and NO,, although the inclusion of
measurements of H,0,, HNO, and CO
would improve the reliability of the method.

The indicator method, like any new ap-
proach, involves problems and uncertain-
ties that are not present in other methods.
A list of caveats in the report is provided
for researchers who seek to use the indi-
cator method.

The report presents a summary of re-
search on the indicator method to date.
Section 2 provides background informa-
tion on the chemistry of O,, NO, and ROG
that serves as a motivating factor for the
selection of the various indicator ratios.
This section also presents a concise sum-
mary of the current understanding of O.-
NO,-ROG sensitivity that has emerged in
recent years. The state of science associ-
ated with O,-NO_-ROG chemistry has seen
great changes in the past ten years. The
summary in Section 2 may serve both as
an introduction to the field and a review
for experienced researchers and regula-
tors.

Section 3 of the report presents the
correlation between O,-NO -ROG predic-
tions and the various indicator ratios in
photochemical models. It includes a de-
scription of the models used, general re-
sults for O,-NO,-ROG sensitivity, the ex-
tent of variation of the indicator NO, -ROG
correlation in different model scenarios,
and methods for quantitatively identifying
the indicator values corresponding to the
transition between NO, - and ROG-sensi-
tive chemistry. It also shows results for
alternative choices (NO_, AIRTRAK, O3/
NOx, ROG/NO,) which do not perform as
well as the recommended indicator ratios.
A complete presentation of model results
is also included in the Appendix.

Section 4 examines the correlation be-
tween O,, NO, and H,0, as predicted by
photochemical models and as observed
during field measurement campaigns. As
described above, this correlation repre-

sents a critical test for the accuracy of the
indicator method.

Section 5 shows results from applica-
tions of the indicator method for specific
events in Atlanta and Los Angeles. These
results include comparisons between pre-
dicted indicator values from a series of
model scenarios, each designed to give
different predictions for NO,-ROG chemis-
try. These predictions are compared with
measured indicator species and ratios,
which are used as a basis for accepting
the results of some model scenarios and
rejecting others. The comparison between
model and measured values of photo-
chemical indicators associated with pre-
dicted and observed (non-paired) peak O,
is proposed as a criterion for evaluating
model performance. This criterion provides
a much stronger basis for model evalua-
tion then criteria based solely on model
vs. measured O,. It is hoped that these
case studies can be used as examples for
future applications.

Chemistry of O ,, NO, and ROG

The original understanding that NO,-
ROG sensitivity is determined by ROG/
NO, ratios has been greatly modified in
recent years. Additional factors include the
impact of biogenic ROG, the geographical
variation in NO -ROG chemistry as an air
mass ages and moves downwind from an
urban center, and the influence of meteo-
rological stagnation in causing day-to-day
variations in NO_-ROG chemistry. An un-
derstanding of these factors can be of
great help to researchers and to regula-
tors who need to interpret the results of
models or other NO -ROG analyses.

The second part analyzes the specific
chemical reactions and reaction sequences
that create the division into NO, -sensitive
and ROG-sensitive regimes. This section
also provides the theoretical basis for the
link between NO_-ROG sensitivity and the
identified indicator ratios. O,-NO,-ROG
chemistry is derived from reaction cycles
involving odd hydrogen radicals (OH, HO,
and RO,, where R represents a carbon-
hydrogen chain). NO_-sensitive chemistry
occurs when radical-radical reactions
(HO,+HO, and HO,+RO,, making perox-
ides) are the dominant sink for odd hydro-
gen, while ROG-sensitive chemistry oc-
curs when nitrate-forming reactions
(OH+NO,, making nitric acid) are the domi-
nant sink. From these chemical reaction
sequences it is possible to derive a theo-
retical relationship between NO -ROG sen-
sitivity and the species ratios that have
been identified as photochemical indica-
tors: O,/NO, and H,O,/HNO,. Section 3
will show how the correlation between NO -



ROG sensitivity and photochemical indi-
cators also appears in more complete pho-
tochemical simulations.

Results from Photochemical

Simulations

Results for O,-NO -ROG sensitivity from
a series of photochemical simulations are
presented and the correlation analyzed
between NO -ROG sensitivity and the vari-
ous photochemical indicators as predicted
by the models.

Results are based on groups of three
simulations: an initial scenario, a simula-
tion with anthropogenic ROG emissions
reduced by a fixed percentage (usually
35%) relative to the initial scenario, and a
simulation with anthropogenic NO, emis-
sions reduced by the same percentage
relative to the initial scenario. Results will
be shown for a specific hour (usually in
the afternoon, and corresponding to the
time of peak O3 occurring in the initial
model scenario). ROG-sensitivity will be
reported as the difference between O, in
the initial scenario and O3 in the simula-
tion with reduced ROG at the same time
and location. NO -sensitivity will be simi-
larly reported as the difference between
O, in the initial scenario and O, in the
simulation with reduced NO,. These re-
sults for model ROG- and NO,-sensitivity
will be presented in comparison with val-
ues for photochemical indicators at the
same time and location in the initial model
scenario. Results will typically be reported
for every location in the model domain or
sub-region of interest.

Complete graphical results will be shown
for two indicator ratios: (O3/NOz) and
(H,0,/HNO,). Results for the other indica-
tor ratios are visually very similar to these
two, and will be presented in abbreviated
form. In addition, a concise method for
tabulating results of the NO_-ROG-indica-
tor correlation will be developed, based
on a statistically defined transition between
indicator values associated with ROG-sen-
sitive chemistry and indicator values as-
sociated with NO,-sensitive chemistry. This
statistically defined transition point will be
used to summarize results from all model
scenarios and for each indicator ratio.
Graphical results will also be shown for
indicator ratios that did not correlate well
with NO -ROG sensitivity: (O,/NO,) and
the ratio of reactivity-weighted hydrocar-
bons to NO,.

The simulation results shown here
should not be interpreted as recommen-
dations for specific ozone abatement strat-
egies or as statements about NO -ROG
sensitivity in specific locations. Many of
the simulations use outdated inventories

for anthropogenic emissions. Most of the
simulations use the BEIS1 inventory for
biogenics, which underestimates isoprene
by a factor of three or more and conse-
guently causes model results to be biased
in favor of ROG controls. In addition, the
selection of model scenarios for the NO_-
ROG analysis deliberately favored ROG-
sensitive scenarios, especially for Atlanta.
A meaningful evaluation of NO -ROG indi-
cators is only possible in model scenarios
that include both NO -sensitive and ROG-
sensitive subregions, which did not occur
in some of the NO, -sensitive scenarios.
Despite these caveats, the model NO -
ROG results are offered as meaningful
indications of NO -ROG sensitivity in rela-
tion to each other; i.e., the differences in
NO,-ROG sensitivity between model sce-
narios represent tendencies that are likely
to be reproduced in other NO,,-ROG mod-
els.

Results are based on five separate
model applications: a regional-scale simu-
lation for the Lake Michigan airshed, a
regional-scale simulation for the northeast
corridor, an urban-scale (UAM-1V) simula-
tion for New York, an urban-scale (UAM-
IV) simulation for Atlanta, and an urban-
scale (UAM-IV) simulation for Los Ange-
les. Preliminary results are also shown for
the Middle Tennessee Ozone Study in
Nashville.

Results show the correlation between
model NO_-ROG sensitivity and (O3/NOz)
for six model scenarios. The reduction in
O, associated with a particular percentage
reduction in anthropogenic ROG or NO,
emissions (usually 35%), defined as the
difference between O, in the initial sce-
nario and O, in the scenario with reduced
ROG or NO, at the same time and loca-
tion. Negative values represent locations
in which reduced anthropogenic emissions
results in an increase in O,. The simu-
lated NO -ROG reductions are plotted for
all locations in the model domain, in com-
parison with (O,/NO,) in the initial model
scenario at the same time and location.

Each simulation shows a similar pat-
tern. Locations with larger ozone reduc-
tions in response to reduced ROG rather
than reduced NO, (i.e., locations with
ROG-sensitive chemistry) also have low
(O,/NO,) (<8) in the initial simulation, while
locations with larger ozone reductions in
response to reduced NO, (i.e., locations
with NO_-sensitive chemistry) also have
high (O3/NOz) (>10). There is also a well-
defined value for (O,/NO,) that defines the
transition between NO, -sensitive and
ROG-sensitive regions. This transition
value remains the same in simulations for
different metropolitan areas and for differ-
ent model scenarios.

Results also show that the correlation
between NO -ROG sensitivity and the in-
dicator ratio (O3/NOz) remains consistent
in model scenarios with very different over-
all NO -ROG results.

Summary and Conclusions

The report presents a series of results
associated with the use of photochemical
indicators as a basis for investigating O,-
NO,-ROG sensitivity. The method of pho-
tochemical indicators seeks to identify spe-
cies or species ratios that are closely as-
sociated with NO_-ROG predictions in mod-
els. A successful correlation between model
NO,-ROG predictions and indicator values has
been found for six species ratios: (O,/NO,),
(O/NO,), (O/HNO,), (H,0,/HNO,), (H,3,/
NO,), and (HZOZ/NOy). In each case, high
values are associated with NO_-sensitive
model predictions for ozone and low values
are associated with ROG-sensitive predic-
tions. The close correlation between NO,-
ROG predictions and indicator values sug-
gests that measured indicator values can
be used as a basis for evaluating the accu-
racy of model NO -ROG predictions.

Indicator-NO, -ROG correlations have
been examined for a wide variety of model
applications, including two different model
types (UAM-IV and a regional model de-
veloped at the University of Michigan) with
different photochemical mechanisms. They
have been examined for several locations
(Lake Michigan, northeast corridor, Atlanta
and Los Angeles). They have been exam-
ined in model scenarios with a range of
assumptions about emission rates, includ-
ing scenarios with anthropogenic ROG
emissions doubled or reduced by half in
comparison with inventory values and sce-
narios with radically different emission
rates for biogenic ROG. They have been
examined in scenarios with changed wind
speeds and vertical mixing heights. They
have been examined in scenarios with
strongly ROG-sensitive chemistry and in
scenarios in strongly NO,-sensitive chemis-
try. In all these cases, the correlation be-
tween model NO,-ROG predictions and in-
dicator values remains largely unchanged,
even though the model NO -ROG predic-
tions vary.

It is especially noteworthy that changes
in model assumptions that affect NO -ROG
predictions also cause a corresponding
change in the model values for photo-
chemical indicators. This feature is espe-
cially striking in the Atlanta case study. In
this case, model predictions for O/NO
concurrent with peak O, varied from 13 in
the strongly NO,-sensitive model scenarios
to 6 in the ROG-sensitive scenario. The
Atlanta case study is especially important
because the NO_-sensitive and ROG-sen-



sitive scenarios each give similar predic-
tions for peak O,, suggesting that an evalu-
ation vs. measured O, does not provide a
basis for confidence in model NO -ROG
predictions. A similar contrast between
NO_ -sensitive and ROG-sensitive sce-
narios is apparent in the scenarios for
Lake Michigan with different ROG emis-
sion rates and in the simulations for New
York /northeast corridor for events with
different meteorology. The predicted con-
trast in indicator values between NO,-sen-
sitive and ROG-sensitive locations is par-
tially confirmed by measurements in At-
lanta and Los Angeles. Model results pre-
dict high values for O,/NO, in Atlanta and
low values in Los Angeles. This prediction
is consistent with measurements.

This study has identified a several fac-
tors that might be sources of error in the
indicator method. A list of caveats is given

in Section 1. The most important uncer-
tainties are associated with the removal
rate for the indicator species (especially
through wet and dry deposition); the pos-
sible role of particulate nitrate as a sink
for NOy; and uncertainties associated with
the chemistry of organic peroxides, which
are not represented in some of the chemi-
cal mechanisms that are frequently used
for air quality analysis (e.g. CB-IV). It is
especially important to identify uncertain-
ties that might lead to bias in the NO,-
ROG interpretation of indicator values.

A more general problem associated with
the method of photochemical indicators is
that, as with all methods designed to pre-
dict the sensitivity of O, to NO,_and ROG,
it is very difficult to find direct confirmation
that the predictions are accurate. This re-
port has recommended investigation of
model and measured correlations between

O,, NO, and H,0, as a basis for evaluat-
ing model assumptions that represent un-
certainties in the indicator method. The
models that were used to derive indicator-
NO,-ROG correlations also predict a lin-
ear correlation between O, and the sum:
NO_+2H,0, This prediction should be veri-
fied vs. measurements. In addition, model
results predict that the ratio (O,/O,+2H,0,)
should have similar values in NO_-sensi-
tive and ROG-sensitive locations (although
it may show diurnal variations and day-to-
day variation in responses to changing
cloud cover and the effect of wet deposi-
tion). Because this ratio is closely associ-
ated with the proposed indicators (espe-
cially with O,/NO,), it might also be used
as a basis for evaluating the accuracy of
the proposed NO -ROG transition values
associated with the indicators.
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